decline, and predicting how P concentrations in this landscape may change in the future, is essential 34 to lake management. To date, it has been established that changes in flow alone cannot account for 35
The addition of large quantities of P to soils can reduce the availability of P adsorption sites, leading 48 to increases in P mobility (Jarvie et al. 2013 ). Tree death in this predominately forested landscape,D r a f t 3 characterised by granitic soils with low P weathering rates, can therefore contribute significant 50 quantities of P to streams through decaying biomass (Pinder et al. 2014 ; Knops et al. 2010 ). Further, 51 the effect of forest disturbance can be more pronounced in riparian areas or wetlands that are more 52 strongly hydrologically connected to surface waters. Following the initial disturbance event, P inputs 53 decline over time as the majority of nutrients are released during earlier stages of decay (Fahey et al. 54 1991; Knops et al. 2010 ). This decline is heightened by high P uptake rates of young vegetation as it 55 re-establishes (Jorgensen et al. 1975 ), which acts to limit the soil P concentrations, increase the 56 availability of soil P binding sites, and to gradually reduce P mobility. Removal of vegetation e.g. by 57
selective tree harvesting, has also been associated with increased P mobility, linked with reduced 58 uptake of nutrients (Piirainen et al. 2004 ) and an increased supply of organic and inorganic anions 59 which compete with P for sorption sites (Väänänen et al. 2007) . 60
Soils within south-central Ontario have also been subject to acidification, due to atmospheric 61 deposition of H 2 SO 4 and HNO 3 . In soils with a relatively low pH, such as those overlying the 62 Precambrian Shield, it has been suggested that sulphate (SO 4 2-) has a significant influence on P 63 sorption, where competition between SO 4 2-and P leads to lower P retention (Geelhoed et al. 1997 ; 64 D r a f t D r a f t wetlands affects up to 52% of riparian areas in some sub-catchments (Pinder et al. 2014 ). The wide-104 spread death of trees in the wetlands has been attributed to a rise in water table, possibly caused by 105 road construction around the lake in the mid 1970's (Pinder et al. 2014 ). In HP, selection timber 106 harvesting (predominantly carried out prior to 1983), has resulted in reduced tree density within 107 some catchments (HP3A, HP4, HP6 and HP6A) (Watmough and Dillon 2003b) . There are no records 108 of tree felling or forest death in PC, but the long term impacts of acid deposition and associated soil 109 calcium losses have been linked to nutrient-limitations on vegetation growth. In some areas of this 110 catchment, which has undergone the largest reductions in soil pH, there has been no net increase in 111 forest biomass since 1983 (Watmough and Dillon 2003b) . 112
The temperate climate of the three study sites, located within a 30km radius, was similar during the 113 period of record were not altered, as these organic inputs are considered part of the lake P-load. (Table 2) . Whilst all disturbance classes were slightly 183 different, they were based upon a similar theory of simulating changes to soil properties in areas 184 historically characterised by high P mobility, to those currently characterised by lower P mobility. (with and without disturbance) can be used to quantify the proportion of change in P that might be 222 attributed to disturbance events. 223
Quantification of disturbance contributions using INCA-P 224
Source apportionment calculations revealed that within DE and HP, simulated P-outputs from 225 residential, forest and wetland soils remained relatively stable over the hindcast period, and exports 226 from disturbed areas accounted for a large proportion of the observed P declines (Figure 6 ). Over 227 the hindcast period, dead/decaying forest yielded the greatest P release (3.8kg/ha/year), compared 228 with forest harvesting (0.31kg/ha/year) and soil acidification (0.002kg/ha/year). The total P exports 229 from the DE and HP inflow catchments were calculated at 1626 kg and 1259kg respectively. Of this, 230 63% (1025kg) can be traced back to disturbance events within DE, and 24% (297kg) within HP. In the 231 PC catchment, disturbance accounted for just 0.6% of P exports (0.14kg). At this site, much of the 232 inter-annual variability in P outputs corresponds with meteorological fluxes (Figure 6 ). Importantly, 233 the results suggest that not all catchments have returned to pre-disturbance conditions, with 1.2% 234 of DE P exports in 2007 continuing to be attributable to the disturbance effect. Until this site has 235 fully recovered, further "declines" in P may be anticipated. 236 D r a f t 11 seasonally, and was lowest at all sites in spring and autumn, and highest during winter and summer 247 (Table 3) . Seasonal variation was greatest within the DE catchment. 248
Model simulation of stream and lake nutrient dynamics 249
Modelled discharges were greatest in both catchment inflows and lake outflows during spring, 250 declining rapidly to a seasonal low occurring in late summer (July in DE and PC; August in HP). Within 251 DE, the TP concentrations of inflow streams were much higher than those of lake outflows. Inflow 252 and outflow concentrations in HP were more similar, and in PC were marginally higher in outflows. Model results indicated that disturbance events such as vegetation decay and selective timber 275 harvesting of forests have had the greatest impact on soil P mobility, and can account for between 276 63% and 24% of P exports within DE and HP respectively, over the 30 year period of record. Decaying 277 forests yielded the greatest P release per hectare of disturbed land cover (3.8kg/ha), compared with 278 selective harvesting (0.31kg/ha). Acidification has had a much lower impact on surface water TP, 279 releasing only 0.002kg P/ha, though it may still be cause for concern, as 0.6% of exports over the 280 past 30 years can be attributed to this form of disturbance within the PC catchment. Importantly, 281 Where these areas are located close to watercourses, like wetlands, this P may be transported to 292 streams. During periods of surface erosion such as spring melt, P may also be delivered directly to 293 the streams on soil particles (Heathwaite and Dils 2000). These positive relationships (and 294 negative %TPR values) indicate that the catchment is vulnerable to P-flushing events during wetD r a f t 13 periods. Results suggest that the DE catchment has recovered substantially since disturbance events 296 in the 1970s, however up to 1.2% of total annual P continues to be exported by disturbed sites, and 297 thus further declines may be expected. Whilst the additional P inputs from decaying biomass clearly 298 extended the required recovery period in the DE catchment, the higher impact of disturbance within 299 wetland areas may also in part be associated with the proximity of disturbance to catchment inflows. 300
Disturbances in DE were reported within riparian wetlands, where any change in P exports would be 301 more directly relayed to the water course; and previous studies have indicated (e.g. Devito et al. The differences in timing of seasonal TP fluxes between streams and the lakes can be attributed to 324 seasonal variability in lake water residence times and %TPR. The latter was highest in all sites during 325 summer, decreasing through to winter. This may explain the steady decline in lake outflow TP 326 concentrations from summer to early autumn within Dickie lake, which contrasts with those of 327 stream inflows. In addition during both winter and spring, soil erosion carries P-rich sediments to the 328 lake, which due to low TP retention in colder seasons, is likely to be conveyed more directly to the 329 outflow (Dillon and Molot 1996).The lower P-content of sediments carried to HP and PC lakes, in 330 addition to the lower seasonal variability of lake %TPR, could explain the greater similarity in TP 331 concentrations between stream and lake outflow concentrations at these sites. 332
Whilst further declines in P are unlikely at the now-stabilised PC site, additional P reductions might 333 be expected within DE as wetland vegetation continues to recover. Here, although P exports to the 334 lake have decreased, and lake sediments can adsorb some of the fluxes, elevated P mobility persists 335 in 2007, with 1.2% of P exports attributed to disturbance. Soils in DE currently have a lower capacity 336 to retain added P, and therefore subcatchments remain vulnerable to future disturbance. 337
Furthermore, research indicates that although future soil acidification is unlikely in undisturbed 338 areas (due to large decreases in S deposition), it may continue in harvested sites (Watmough and The model results demonstrate that export of P from disturbed areas can be attributed at all sites to 362 reduced vegetation uptake, higher soil mobility (i.e. reduced capacity to adsorb P due predominantly 363 to an increased availability of competing anions), and additionally, at DE, to the direct addition of P 364 
